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Assessment of corrosion-induced bond deterioration in reinforced 
concrete: towards a splitting crack-based approach 
Michele Win Tai Mak, Janet M. Lees  





Reinforced concrete structures are subjected to several sources of deterioration that can reduce 
their load-resisting capacity over time. This has significant consequences for the management of 
infrastructure, leading to high costs of maintenance, repair, strengthening and premature 
decommissioning. Assessing the residual capacity of structures is challenging but paramount to 
manage the infrastructure network effectively. Corrosion of the internal steel reinforcement is 
among the main causes of deterioration in reinforced concrete bridges. The subsequent reduction 
in steel-to-concrete bond strength is difficult to evaluate with accuracy. There is no unified theory 
of general validity. Most existing models adopt measures of the level of corrosion as the key 
parameter to evaluate the bond reduction. In this paper, a different approach is investigated. 
Corrosion-induced splitting crack widths are used as the fundamental indicator of bond strength 
reduction, irrespective of the associated degree of steel corrosion. Available experimental results 
on deformed steel bars embedded in concrete subjected to either natural or accelerated corrosion, 
with or without transverse reinforcement, are analysed and compared with a different perspective. 
The analysis indicates that this new splitting crack-based approach can lead to more accurate 
predictions. This contributes to a better understanding of the fundamental principles underlying 
bond of corroded reinforcing bars. Enhanced assessment strategies can lead to a reduction of the 
safety risks, maintenance costs and environmental footprint of the infrastructure network. 




Reinforced concrete structures age over time. They 
are subjected to sources of deterioration, such as 
repeated loading and direct exposure to 
environmental conditions, that can result in a 
reduction in load-carrying capacity. Corrosion of 
the internal steel reinforcement is often 
considered the most severe cause of deterioration 
in reinforced concrete bridges. This can be due to 
exposure to natural aggressive environments, or 
the use of de-icing salts on roads that can leak 
through protective layers, permeate and diffuse 
within the concrete. The evolving condition of the 
infrastructure network is monitored and inspected 
regularly to ensure its safety and functionality. 
Asset management currently relies heavily on 
visual inspections. For this reason, indicators of 
structural deterioration that are visible on the 
outer concrete surface are crucial. 
2 Background 
Reinforcement corrosion has different 
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reduction in cross sectional area of a bar which is 
proportionally related to the axial force the bar can 
withstand. Corrosion products also weaken the 
steel-to-concrete interface, reducing the ability to 
transfer forces between the two materials through 
friction. Moreover, corrosion products have a 
lower density than the parent metal. If their 
development is confined, it leads to expansions 
that induce a stress field in the concrete 
surrounding the steel bars. Compressive stresses 
develop radially, whereas tensile hoop stresses 
develop in the tangential direction. When the hoop 
stresses exceed the concrete tensile capacity, the 
concrete cracks. As expansive pressure increases, 
the cracks can reach the outer concrete surface. 
These splitting cracks in the concrete surrounding 
the reinforcement affect the load transfer capacity 
between the two materials. The reduction in steel-
to-concrete bond due to corrosion can be critical 
even for low levels of corrosion, before the loss of 
cross-sectional area is of concern. This 
compromises the structural behaviour of 
reinforced concrete, which relies on the combined 
action between the two materials. In particular, the 
load-bearing capacity can be reduced significantly 
if bond deterioration occurs in the anchorage zones 
of straight bars. Some structural elements are 
more critical to bond deterioration than others due 
to a combination of factors such as the distribution 
of internal forces, reinforcement layout, 
application of external loads and exposure to 
chemical attack. Reinforced concrete half-joints, 
where the depth of a structural element is reduced 
at the supports, are an example of a structural 
configuration where the deterioration of the 
anchorage of longitudinal tension bars can be 
critical, as indicatively shown in Figure 1. 
 
Figure 1. Anchorage zone of bottom reinforcement 
bars in the full depth of a half-joint. 
2.1 Conventional approaches 
Corrosion of the internal steel reinforcement in 
concrete and its structural consequences have 
been studied extensively in the past. In broad 
terms, the majority of the existing literature can be 
divided into two types of studies: those correlating 
corrosion to cracking and those linking corrosion to 
bond deterioration. 
The first type of study investigates the correlation 
between surface cracking measurable on the outer 
concrete surface and the level of corrosion of the 
internal steel bars in an attempt to develop models 
than could be used as non-destructive assessment 
tools for visual inspections. Comparisons of results 
from such studies showed scatter [1-3]. Bossio et 
al. [2] partially attributed the variability to the 
influence of the relative position and distance 
between cracks and the nature of corrosion 
products, whose volumetric expansion coefficients 
can vary significantly [1]. Zhao et al. [4] observed 
that corrosion products distribute in the corrosion-
accommodating region around the bar, and diffuse 
differently in the internal restrained cracks and in 
those that reached the outer concrete surface. The 
amount of corrosion products that can flow within 
the concrete structure is therefore another 
parameter that may partially contribute to the 
variability in the experimental results. 
The second type of study investigates bond 
degradation as a function of the level of corrosion. 
A comprehensive overview of the problem and the 
relevant scientific work on this subject can be 
found within the fib Bulletin 10 [5]. More recent 
literature reviews can be found elsewhere [6-7]. In 
broad terms, there seems to be a general 
consensus across studies on the overall trends. The 
proposed models typically agree well with the 
experimental results they have been calibrated on. 
However, despite the similarity in trends, there is 
little agreement between proposed models and a 
lack of general validity [1-3,6, 8-10]. Despite the 
common trend of an initial increase in bond 
strength for low levels of corrosion and a 
subsequent decrease in bond for more severe 
corrosion, the results are characterised by 
dispersion and variability. The scatter can be 
attributed to the variability in the material 
properties, their spatial distribution and the 
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different confinement conditions. Both steel and 
concrete are heterogeneous materials and exhibit 
a degree of variability in their properties, despite 
the attempt to control them during the fabrication 
process. The variability in the properties of 
corroded reinforced concrete structures is even 
greater, due to the complex nature of the corrosion 
process, the chemistry involved and the differences 
between natural and laboratory exposure 
conditions. 
From an assessment implementation perspective, 
two separate models would have to be used: a first 
one to correlate the measured surface cracks with 
the ‘hidden’ internal corrosion, and then a separate 
model using this information on the level of 
corrosion to estimate the bond strength of the 
embedded reinforcement. It follows that the 
uncertainty associated with each model is 
cumulative and contributes to greater uncertainty 
overall. This lack of accuracy justifies the need for a 
new approach. 
3 A splitting crack-based approach 
The significant impact of longitudinal cracking on 
the bond behaviour of reinforcing bars has been 
identified by several authors. The steel bars 
embedded in the specimens are corroded with 
different techniques: with an impressed current, 
exposure in environmental chambers, or directly in 
natural environments. The specimens are then 
subjected to bond tests. There is no universally 
accepted test set-up to measure bond, and each 
configuration has both advantages and 
disadvantages. The fundamental difference 
between them lies in the stresses in the concrete. 
The relative position of the steel bar with respect 
to the point of application of the external force and 
support reactions induces a different stress field in 
the concrete surrounding the bar. This in turn has 
an impact on the bond behaviour of the embedded 
bar. Figure 2 summarises some of the common 
experimental bond test configurations that have 
been adopted in the work analysed in this 
publication. These include: a) concentric pull-out 
tests; b-c) cantilever, also known as eccentric or 
beam-end tests; d) indirectly supported four-point 
bending tests. 
 
Figure 2. Common types of bond test 
configurations in the literature. 
In accelerated corrosion and pull-out bond tests, 
Al-Sulaimani et al [11] identified four stages (non-
corroded, pre-cracking, cracking and post-
cracking), characterised by a different load-slip 
behaviour and a clear difference before and after 
the onset of cracking. No reduction in bond 
strength was observed for corroded bars before 
surface cracks appeared. The authors reported a 
trend of increasing slip that corresponded to the 
peak load, but only in the post-cracking phase. 
Based on accelerated corrosion and cantilever 
bond tests, similar conclusions were drawn by 
Almusallam et al. [12] who acknowledged that 
cracking plays a critical role in the bond behaviour. 
However, they observed that a high bond strength 
immediately after cracking is possible. A decrease 
in slip at peak load in the pre-cracking stage, and an 
increase in slip in the post-cracking stage were also 
reported. As the failure mode changed from pull-
out (uncorroded specimens) to concrete splitting 
(corroded specimens), a sudden drop in the load-
slip curves was noted. For high levels of corrosion, 
the ultimate bond strength did not vary with 
increasing mass loss, asymptotically reaching a 
limit. The same phenomenon was observed by 
Cabrera and Ghodoussi [13] who suggested that 
significant degradation of the lugs would lead to a 
friction-type behaviour similar to that of plain bars. 
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Fang et al. [14] carried out accelerated corrosion 
and concentric bond tests on smooth and 
deformed bars with and without stirrups. For the 
deformed bars, they observed a substantial 
reduction in bond strength for unconfined 
specimens, similarly to other studies. However, 
they reported no substantial influence of corrosion 
in the presence of stirrups. Although they reported 
that all specimens exhibited corrosion-induced 
cracking and failed by splitting, it should be noted 
that they did not investigate the evolution or 
influence of crack widths in the experiments. Their 
trends refer to the evolution of bond strength as a 
function of the percentage mass loss. They also 
reported that the slip at peak load tended to 
decrease as the level of corrosion increased, similar 
to results by others [11]. For smooth bars, they 
observed different trends: for greater levels of 
mass loss, unconfined bars showed an increase 
followed by a decrease in bond strength. Confined 
smooth bars instead showed an increase in bond 
strength and no decrease up to mass losses over 
5%. Coccia et al. [10] performed accelerated 
corrosion and concentric pull-out tests on 
unconfined cubic specimens. They also observed 
no reduction in bond strength before cracking for 
low levels of corrosion, which suggests that surface 
splitting cracks may be directly related to bond 
deterioration. In order to calibrate and validate 
their numerical analyses, Fischer et al. [9, 15] 
carried-out pull-out tests on beam-end specimens, 
with and without stirrups. They observed a 
reduction in bond strength with increasing crack 
width, and this was particularly significant in the 
absence of transverse reinforcement. They 
identified crack width as a potentially good 
indicator of bond deterioration, acknowledging 
that more investigations would be necessary to 
identify the influence of parameters such as 
concrete cover and bar diameter. An exponential 
relationship between bond strength and average 
crack width in specimens without stirrups was 
proposed. Law et al. [16] also investigated the 
correlation between surface crack widths and bond 
strength, testing beam-end specimens. They 
observed that bond strength had a stronger 
correlation with surface crack widths than the level 
of corrosion. Crack widths were measured in the 
direction normal to the longitudinal reinforcement, 
irrespective of the actual crack orientation. They 
reported that maximum crack width values 
indicated a better correlation than average values. 
They tested specimens with and without stirrups 
and noted a difference in bond strength 
degradation as surface crack widths increased: in 
unconfined specimens, all specimens that 
exhibited corrosion induced cracking had bond 
strength values lower than the uncorroded 
reference case. In confined specimens, small crack 
widths corresponded to an increase in bond 
strength, followed by a decrease. The same authors 
separately reported a dependence of the bond 
behaviour on the cover-to-diameter ratio [8]. 
Linear or logarithmic relationships gave the best fit 
with their experimental results. They attributed the 
better correlation to the fact that beyond certain 
crack width values, increasing corrosion has a 
smaller impact on crack progression. Mak et al. [3] 
carried out accelerated corrosion testing and 
concentric pull-out tests on cylindrical specimens. 
By changing the sealing conditions of the 
specimens, they varied the amount of corrosion 
products flowing out without developing expansive 
pressure. Similar levels of corrosion therefore led 
to different crack width and bond deterioration. 
They reported that the total surface crack widths 
were more accurate indicators of bond 
deterioration than conventional measures of 
corrosion such as mass loss or attack penetration. 
They concluded that crack width can be interpreted 
as a measure of the net amount of corrosion 
inducing expansion and loss of interlock between 
steel ribs and concrete. Lin et al. [17] performed 
accelerated corrosion and eccentric pull-out tests, 
investigating the correlation between surface crack 
widths and bond deterioration. They studied the 
influence of several parameters such as bond 
length, concrete cover, corrosion level, confining 
reinforcement. They identified three stages, 
namely cracking initiation, propagation and further 
propagation, where the influence of different 
parameters was different in each stage. Initially, 
the concrete adjacent to the steel bar resisted the 
opening of the cracks due to its fracture energy 
where a larger c/d led to reduced surface crack 
growth. At a later stage, when cracks had fully 
developed, the strains in the concrete cover had 
been released and the concrete blocks tended to 
have a rigid body-type of behaviour. In this stage, 
large concrete covers lead to greater surface cracks 
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due to a ‘geometrical magnification' effect: for a 
given rigid-body rotation, greater cover distances 
lead to greater crack widths on the surface. Banba 
et al. [18] investigated the influence of 
confinement stresses on bond degradation. 
Confinement stresses were defined as the average 
nominal radial stress at the steel-to-concrete 
interface. Their experimental programme was 
divided into two types of tests. In the first type of 
test, cubic concrete specimens with an eccentric 
steel bar were subjected to accelerated corrosion 
using an impressed current. Bond pull-out tests 
were subsequently performed on the same 
specimens. Steel stresses were measured with 
strain gauges, and crack widths were measured on 
the concrete surface throughout the tests. In the 
second type of test, steel pipes were cast into 
prismatic concrete specimens. Expansive pressure 
was generated artificially with a ‘non-explosive 
demolition agent’, and confinement stresses were 
measured with strain gauges installed on the outer 
surface of the steel pipe. External crack widths 
were also measured with transducers. They 
developed a model that would correlate the results 
of the two type of tests, effectively linking 
corrosion-induced bond deterioration from the 
first set of tests to the confinement stresses of the 
second set of tests via the surface crack widths. 
They observed a correlation between crack width 
and bond strength. However, they also noted that 
for a given crack width, greater cover distances 
were associated with greater residual bond 
strength. In other words, bond deterioration as a 
function of surface crack widths was more severe 
for small cover distances. Since a biunivocal 
relationship was not found with any parameter, 
they postulated that bond deterioration may be 
directly correlated to confinement stresses. Such 
confinement stresses appeared to increase with 
greater covers and greater concrete strength. 
Where the cover distance was different in two 
directions, they concluded that confinement 
stresses did not depend on the greater cover 
distance, but only on the smaller one, where 
surface cracks would first develop. These 
conclusions are consistent with Tepfer's Thick 
Walled Cylinder formulation [19]. Banba et al. [18] 
found that confinement stresses decreased 
exponentially with increasing crack widths, 
approaching zero values for crack widths of 
approximately 1.0 mm. They also reported that the 
rate at which confinement stresses declined due to 
crack width opening appeared to be independent 
of cover thicknesses or concrete compressive 
strength. On the other hand, bond strength 
degradation depended on the concrete quality, 
and decreased exponentially with corrosion-
induced crack widths. They concluded that there 
was a linear relationship between confinement 
stresses and bond strength, and this linearity was 
not affected by cover thickness or reinforcement 
diameter. They proposed analytical bond stress-
slip models in agreement with their experimental 
results. They observed that where bleeding led to 
voids around the reinforcement bars, the empty 
volume between steel and concrete would be filled 
with corrosion products, hence bond degradation 
would not occur. Presumably this is because 
expansive pressure and concrete cracking would 
not be generated. Apostolopoulos et al. [20] 
investigated the relationship between surface 
cracks and bond reduction. The specimens were 
corroded using an impressed current and 
subsequently subjected to eccentric bond tests. 
They observed that corrosion-induced cracking was 
associated with an exponential reduction in bond 
strength. For the same bar size of 16 mm, they 
tested two cover thicknesses of 25 and 40 mm. 
Interestingly, greater concrete cover led to a more 
rapid decrease in bond strength in some cases with 
transverse reinforcement. Plain concrete exhibited 
the most severe bond degradation for a given crack 
width. Increasing amounts of transverse 
reinforcement led to greater bond strength values. 
However, a few test results exhibited an opposing 
trend. Specimens with the lowest concrete cover of 
25 mm and the greatest amount of transverse 
reinforcement (i.e. 8 mm stirrups spaced 60 mm) 
indicated an increase in bond strength for small 
crack widths, before deterioration started. 
Tahershamsi et al. [21] investigated the correlation 
between crack widths and anchorage capacity of 
naturally corroded bridge girders that had been in 
service for 32 years. For given levels of corrosion, 
they observed larger crack widths and lower bond 
strengths than previous authors that had used an 
impressed current. However, the reduction in bond 
strength was less significant than the results 
available in the literature if related to crack widths. 
They partially attributed this discrepancy to the 
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difference between natural corrosion and 
accelerated testing, but also to the freeze-thaw 
that the bridge was naturally subjected to, and the 
larger spacing of transverse reinforcement. 
Although the limited amount of data does not 
facilitate clear conclusions, it could be postulated 
that when the contribution of confinement due to 
transverse reinforcement is significant (compared 
to that due to concrete cover), small cracks enable 
the confining steel to be ‘activated’ resulting in an 
uplift of bond strength. Presumably, as corrosion-
induced crack widths increase, such beneficial 
effect is outweighed by the loss of mechanical 
interlock due to crack opening. Yang et al. [22] 
carried out an experimental programme in 
different stages. Their objective was to isolate the 
impact of different corrosion-induced phenomena 
on bond degradation. Their experimental 
programme was divided into 4 specimen groups. 
The first group consisted of uncorroded reference 
specimens. In the second group, specimens were 
subjected to accelerated corrosion and pull-out 
tests. In the third group, after the accelerated 
corrosion phase, the bars were cleaned and re-cast 
into specimens with the same geometry and new 
concrete. The new specimens with damaged 
cleaned bars were then subjected to pull-out tests. 
In the fourth group, after the accelerated corrosion 
phase, the bars were removed from the specimens 
but not cleaned and the corrosion products were 
left on the steel surface. These bars were then re-
cast into new specimens and subsequently tested 
in pull-out. The crack widths were monitored 
throughout the experimental programme. The 
authors concluded that the presence of corrosion-
induced cracks was the main cause of bond 
deterioration, and its impact was more substantial 
than changes in rebar shape or presence of rust at 
the interface, when in isolation. The fib Model 
Code 2010 [23] gives a simplified correlation 
between level of corrosion, crack width and bond 
degradation, with and without confining stirrups, 
and this is summarised in Table 1. 
Table 1. Residual bond strength for corroded 

































Some of the published experimental results are 
compared in Figure 3, together with the simplified 
relationship from the Model Code. The results are 
divided in two separate plots. The first one (Figure 
3.a) refers to specimens without any transverse 
reinforcement. The second plot (Figure 3.b) shows 
the results in the presence of shear links.  
 
Figure 3. Correlation between bond strength ratio and surface crack width, comparison of experimental 
results: a) Unconfined specimens; b) Specimens with transverse reinforcement. 
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In the case of plain concrete, the plot shows a 
reasonably good correlation between surface crack 
widths and bond degradation. The Model Code 
predictions are conservative for unconfined 
specimens, which is to be expected in the case of 
guidance for practitioners. In the case of confined 
specimens, greater scatter in the results can be 
observed. Moreover, the Model Code provisions 
appear to overestimate the uplift due to confining 
reinforcement, resulting in unconservative 
predictions in some cases. 
4 Discussion 
The advantage of a crack-based approach is 
twofold. Firstly, the experimental evidence 
suggests that this approach can lead to more 
accurate results. It has been suggested that the 
main reason for this is that corrosion-induced 
surface cracks represent the net amount of 
corrosion that causes expansion and a loss of rib 
interlock. Secondly, the practical advantage 
consists in having a direct damage indicator that is 
visible and can be measured on the outer concrete 
surface. The rapid development of automated 
surveying technologies, such as inspection drones, 
allows for the acquisition of large quantities of 
high-quality visual data on infrastructure. 
Nonetheless, without an underpinning 
fundamental theory, a high-quality image of a crack 
is still just an image. A unified crack-based theory 
for the assessment of deteriorated structures has 
the potential to be the keystone for a new data-
based asset management framework using 
automated surveying and defect detection 
techniques. This would enable engineers to make 
more accurate predictions and automate the 
workflow, reducing the safety risks and 
maintenance costs of infrastructure management. 
Although promising, the available literature is 
limited and more research is necessary before 
reliable predictive models can be adopted. The 
influence of material properties should be further 
investigated. Geometrical parameters such as the 
cover, cover-to-diameter ratio, morphology of 
concrete cracks should also be investigated. The 
effect of confinement requires further research, as 
the experimental results show greater scatter in 
the presence of transverse reinforcement. 
5 Conclusions 
A new approach to the assessment of corrosion-
induced bond deterioration of deformed steel bars 
in concrete has been investigated in recent years. 
This approach adopts a different perspective on the 
deterioration mechanisms responsible for the 
reduction in bond strength whereby bond 
reduction is related directly to crack width. From a 
critical analysis of the available results, the 
following conclusions can be drawn: 
- Concrete crack widths can be a better 
indicator then corrosion levels to evaluate 
bond strength degradation; 
- More research is necessary to develop 
accurate and reliable models of bond 
deterioration of general applicability. The 
influence of relevant parameters should be 
further investigated. These include material 
quality, type of corrosion products, cover, bar 
size, cover/diameter ratio, characteristics of 
cracks and cracking pattern, confinement. 
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